Objectives: The deficit of Glyoxalase I (Glo1) and the subsequent increase in methylglyoxal (MG) has been reported to be one the five mechanisms by which hyperglycemia causes diabetic late complications. Aldo-keto reductases (AKR) have been shown to metabolize MG; however, the relative contribution of this superfamily to the detoxification of MG in vivo, particularly within the diabetic state, remains unknown. Methods: CRISPR/Cas9-mediated genome editing was used to generate a Glo1 knock-out (Glo1 À/À ) mouse line. Streptozotocin was then applied to investigate metabolic changes under hyperglycemic conditions. Results: Glo1 À/À mice were viable and showed no elevated MG or MG-H1 levels under hyperglycemic conditions. It was subsequently found that the enzymatic efficiency of various oxidoreductases in the liver and kidney towards MG were increased in the Glo1 À/À mice. The functional relevance of this was supported by the altered distribution of alternative detoxification products. Furthermore, it was shown that MG-dependent AKR activity is a potentially clinical relevant pathway in human patients suffering from diabetes. Conclusions: These data suggest that in the absence of GLO1, AKR can effectively compensate to prevent the accumulation of MG. The combination of metabolic, enzymatic, and genetic factors, therefore, may provide a better means of identifying patients who are at risk for the development of late complications caused by elevated levels of MG.
INTRODUCTION
Blood glucose and/or glycated hemoglobin (HbA 1c ) are poor predictors for the development of diabetic complications. The DCCT-trial showed that only 11% of the diabetes-related complications in type 1 diabetic patients can be explained by the duration of diabetes and the HbA 1c levels [1] . Similar findings were published for cardiovascular death in patients with type 1 diabetes [2] , as well as in patients with type 2 diabetes [3, 4] suggesting that there are other forces driving the development of long term diabetic complications. Advanced glycation end products (AGEs) are a heterogeneous group of stable post-translational modifications formed by the non-enzymatic reaction of glucose, dicarbonyls and other saccharide derivatives with amino acids. Methylglyoxal (MG) is a highly potent glycating agent and the arginine-derived hydroimidazalone Nd-(5-hydro-5-methyl-4-imidazolon-2-yl)-ornithine (MG-H1), is the most physiologically relevant MG-derived AGE, typically accounting for >90% adducts formed in vitro and in in vivo [5] . Protein-bound and free AGEs have been shown to be significantly elevated in experimental models of diabetes and in diabetic patients [6e9] , in parallel with their precursors [10, 11] . Studies have also shown that there is an association between AGEs and diabetic micro-and macrovascular complications (Reviewed in [12] ), an association which is independent of HbA 1c . The reasons for this discrepancy may be due to the loss of detoxification capacity. The Glyoxalase system is considered to be the major pathway by which MG is detoxified [5] . It consists of two enzymes, Glyoxalase 1 (Glo1) and Glyoxalase 2 (Glo2), and a catalytic amount of glutathione 1 (GSH), which catalyzes the conversion of MG to D-lactate [5] . The importance of Glo1 in detoxifying MG and therefore the extent of glycation has been shown frequently [13e17] . The overexpression of Glo1 has been shown to prevent various types of cellular dysfunction in the progression of neuropathy, nephropathy and responsiveness to hypoxia, inflammation and angiogenesis in diabetes [18e23] . The consequences resulting from the loss of Glo1, particularly in vivo, have been lacking as the genetic deletion of Glo1 has been reported to be embryonically lethal in humans and mice [24] . As such, a total loss of Glo1 in mammalian model organisms has been elusive until recently [25] . Other enzymes such as aldehyde dehydrogenases (ALDH) and aldoketo reductases (AKR) have both been shown to metabolize MG to pyruvate and hydroxyacetone, respectively [26, 27] . In vivo, it has been shown that AKR-deficient mice have increased AGE content within cardiac tissue and increased formation of atherosclerotic lesions [28] , while genetic deletion of AKR1b3 leads to the development of nephrogenic diabetes insipidus [29] . It has been shown in vitro that in the absence of Glo1, AKR can compensate with respect to MG detoxification [30] . However, it remains unknown whether this compensatory pathway is active in vivo, particularly within the diabetic state. In this study, CRISPR/Cas9-mediated genome editing was used to generate a viable Glo1 knock-out (Glo1 À/À ) mouse line to investigate the phenotype of this mouse under basal conditions and under conditions in which glucose load is elevated, such as in STZ-diabetes. Two organs in which Glo1 and MG have been shown to be of importance, the liver and kidney, were studied, with the question of whether there is an organ specific effect resulting from the loss of Glo1. The clinical relevance of alternative MG detoxification pathways was subsequently studied in the erythrocytes of type 2 diabetic patients, with and without diabetic nephropathy.
METHODS

Patients
All patients had been recruited in the study department for diabetes research at the University Hospital in Heidelberg and gave written informed consent. Recruitment and tests were part of the Heidelberg Study on Diabetes and Complications (HEIST-DiC), which had been approved by the local ethics committee (ethics number S-383/2016, ClinicalTrials.gov Identifier NCT03022721). Details can be found in the supplementary methods.
Mice
Male, wild-type C57BL/6N mice were purchased from Charles River Laboratories (Wilmington, MA, USA). The mice were maintained under standard laboratory conditions of 12 h light/12 h dark cycle and always had access to food and water. All procedures were approved by the Animal Care and Use Committee at the Regierungspräsidium Karlsruhe, Germany (G 319/14 and G295/15).
Generation of
CRISPR-Cas9-mediated genome editing was used to generate Glo1 À/À mice. A detailed description of CRISPR-Cas9-mediated genome editing can be found in the supplementary information. Briefly, a very efficient sgRNA (sgRNA 171, Sigma) was identified in vitro, injected into C57BL/ 6N zygotes and two independent Glo1-deficient alleles identified in the offspring and bred to homozygosity (Glo1 D8 and Glo1 D7 , Figure 1A ). The Glo1 D8/D8 mice, subsequently referred to as Glo1 À/À , were used for further analysis.
Induction of streptozotocin (STZ)-induced diabetes
Details can be found in the supplementary methods. Briefly, diabetes was induced in 14e16 weeks old male WT and Glo1 À/À mice by intraperitoneal injection of STZ (60 mg/kg) for five consecutive days, while age-matched controls received sodium citrate. Blood glucose levels were monitored and maintained in a range of 300e500 mg/dl. After 16 weeks, mice were sacrificed and glycated hemoglobin (HbA 1c ) was determined at 16 weeks by cation-exchange chromatography on a PolyCAT A column.
Assessment of kidney function
Urine was collected for 24 h using metabolic cages, and the total volume was determined. The albumin content of urine was measured using ICL Mouse Albumin ELISA, according to the manufacturer's instructions. Urine creatinine was determined by colorimetric assay (BioVision, Milpitas, CA) and ACR was subsequently calculated [31] . GFR was determined by transcutaneous measurements following intravenous injection of fluorescein-isothiocyanate-labelled sinistrin, as previously described [32] .
2.6. Histological analysis Sections of paraffin-embedded kidneys were stained with PAS. The area covered by mesangial cells in the PAS staining in glomeruli was determined relative to the total glomerular area as an average value of 20e30 glomeruli per animal using the WEKA segmentation tool (Image J).
2.7. Measurement of metabolites and post-translational modifications The tissue content of MG and MG-H1 was determined by stable isotopic dilution, LC-MS/MS, as described previously [9, 33] . Hydroxyacetone, lactaldehyde [30, 34] and pyruvate [35] were determined as described previously with minor modifications that can be found in the supplementary methods. D-lactate was determined as described previously [36] .
Enzymatic activity assays
Activity of GLO1, AKR and ALDH was determined in cytosolic fractions. Details can be found in the supplementary methods.
Western blotting
Proteins were isolated from pulverized tissue using RIPA buffer and stained with antibodies against GLO1 (ab81461, Abcam) and Histone H3 (4499, Cell Signaling Technology) after blotting. Details can be found in the supplementary methods.
Quantitative PCR (qPCR)
Total RNA from pulverized tissues was extracted and qPCR performed using a SYBR Green Master Mix (Thermo Fisher Scientific) on a LightCycler 480 Instrument II (Roche Diagnostics, Basel, Switzerland) was performed using the primer sequences given in Supplementary Table 1. 2.11. Statistical analysis GraphPad Prism version 6.05 and Microsoft Excel were used for analysis. Data represents mean AE SD unless otherwise stated. Statistical significance was tested using ANOVA: ***p < 0.0001, **p < 0.001, *p < 0.05.
RESULTS
Glo1
À/À mice are viable and show no elevated MG or MG-H1 levels under hyperglycemic conditions The genome editing in the Glo1 gene led to the complete loss of the GLO1 protein and activity in the kidney and liver of homozygous Glo1 À/ À mice lacking 8 nucleotides (Glo1 D8/D8 ) in exon 1 ( Table 1 , Figure 1BeC ) and in brain and heart (Supplementary Table 3 , Supplementary Figure 2 ). Glo1 À/À mice were viable and showed no obvious abnormalities and the Glo1 D8 allele was segregated with the expected Mendelian frequency (Supplementary Table 3 ). Similar results were obtained in Glo1 D7/D7 mice (Supplementary Table 4 ). Tissues from the nondiabetic Glo1 À/À mice showed no increase in either MG or MG-H1, as compared to the nondiabetic WT ( Figure 1DeE ). Furthermore, in the diabetic mice there were also no increases except for MG-H1 in WT kidney, despite significant reductions in Glo1 activity (Table 1) .
Manifestation of hyperglycemia-induced nephropathy is not changed in Glo1
The diabetic mice showed elevated blood glucose level, HbA 1c , as well as altered GTT and ITT, consistent with robust diabetic hyperglycemia (Supplementary Table 5 ). No differences were observed in the measured parameters between the diabetic WT and Glo1 À/À mice. In the WT diabetic mice, Glo1 activity was significantly decreased by w41% as compared to nondiabetic WT mice (Table 1 ) and no Glo1 activity was observed in the kidneys and livers of the nondiabetic and diabetic Glo1 À/À mice.
The albumin-creatinine ratio (ACR) was determined in the urine of nondiabetic and diabetic WT and Glo1 À/À mice as to assess kidney function. In the diabetic WT and Glo1 À/À mice, ACR excretion was significantly decreased by 75e80% as compared to the nondiabetic mice, suggesting that hyperfiltration, an indication of early nephropathy, was occurring. There was also a significant decrease 27% in ACR between the nondiabetic WT and Glo1 À/À mice ( Figure 2A ).
Glomerular filtration rate (GFR) was found to be significantly elevated in the WT and Glo1 À/À diabetic mice as compared to the respective nondiabetic mice ( Figure 2B ). No differences were observed between the diabetic WT and Glo1 À/À mice with respect to GFR.
Glomerular structural abnormalities, which define diabetic nephropathy, were assessed. In the WT diabetic mice, there was a significant increase in mesangial expansion ( Figure 2C ). In the diabetic Glo1 À/À mice, mesangial expansion was also increased as compared to the nondiabetic Glo1 À/À mice; however, the difference was nonsignificant. The degree of mesangial expansion in the diabetic Glo1 À/À mice was lower as compared to the diabetic WT mice, but non-significant ( Figure 2C ).
Glo1
À/À mice revealed increased enzymatic efficiency of various oxidoreductases in liver and kidney towards MG To determine whether a compensation for Glo1 was occurring in the Glo1 À/À mice, the mRNA profiles for AKR and ALDH subtypes were measured in the kidney and liver of the nondiabetic and diabetic WT and Glo1 À/À mice.
The mRNA expression of AKR1b3, a subtype which had previously been shown to be compensating Glo1 in Glo1 À/À Schwann cells [30] , was significantly increased by w2-fold in the nondiabetic Glo1 À/À liver as compared to the WT ( Figure 3A ). In the diabetic livers, the expression of AKR1b3 was unchanged as compared to nondiabetic livers. In the kidneys, there were no significant differences in the expression of AKR1b3 between WT and Glo1 À/À or nondiabetic and diabetic mice ( Figure 3A ). The screening of the liver showed that the expression of various ALDHs, such as ALDH1a3 ( Figure 3B, Supplementary Figure 3) , were increased in the Glo1 À/À tissue as compared to the WT, and were increased further in the diabetic state. Comparable changes in the expression of AKR and ALDH were observed in the heart and brain of the Glo1 À/À mice (Supplementary Figure 3) .
It has previously been reported that the activation of an AKR-dependent compensatory pathway is not necessarily dependent upon changes in either mRNA or protein expression of AKR but on a change in the enzyme substrate specificity [30] . To establish whether this was the case, kinetic profiling of AKR activity was performed in whole tissue extracts from the kidney and liver. In the kidney, when MG was used as the substrate, no differences were observed between the WT and Glo1 À/À or nondiabetic and diabetic mice ( Figure 3C ; Supplementary   Table 6a ). However, when HTA, the non-enzymatic product of MG, and GSH was used as the substrate, the maximal activity of AKR was significantly increased by w34% in the Glo1 À/À kidneys as compared to the WT ( Figure 3D ; Supplementary Table 6a ). In the diabetic kidneys, the kinetic parameters of HTA-dependent AKR activity were unchanged as compared to nondiabetic kidneys. For both MG-and HTA-dependent AKR activity in the kidney, there were no significant changes in substrate affinity (Supplementary Table 6a ).
In the Glo1 À/À liver, both maximal activity and substrate affinity of MGdependent AKR activity were significantly increased by w55% and 60%, respectively as compared to the WT ( Figure 3E , Supplementary  Table 6b ). In the WT diabetic liver, the maximal activity and substrate affinity were significantly increased to a similar extent as the nondiabetic Glo1 À/À , whereas the kinetic parameters of diabetic Glo1
were unchanged. For HTA-dependent AKR activity, the maximal activity was significantly increased by w89% in the Glo1 À/À liver, whilst substrate affinity was non-significantly decreased ( Figure 3F , Supplementary Table 6b ). In addition to AKR activity, ALDH activity was also measured using MG as the substrate. In the kidneys of the WT and Glo1 À/À , no activity at all was detectable (data not shown). In the liver, the ALDH activity was present, but overall, was lower than either MG or HTA-dependent AKR activity, consistent with the mRNA expression ( Figure 3G ). In the nondiabetic Glo1 À/À liver, maximal activity was significantly increased by w44% as compared to nondiabetic WT liver ( Figure 3G , Supplementary Table 6b ).
3.4. Products of alternative detoxification of MG are elevated in kidney and liver of Glo1 À/À mice These findings would suggest that, in the absence of Glo1, the major pathway for the detoxification of MG is mediated by AKR. To prove this, the products of the alternative detoxification were screened in the tissues. In the kidney of the WT nondiabetic mice, the distribution of hydroxyacetone to D-lactate was approximately equal ( Figure 3H ). In the Glo1 À/À nondiabetic mice, the relative proportion of D-lactate was reduced, while hydroxyacetone was the major product measured, contributing w83% of the total metabolites ( Figure 3H ). This would suggest that MG-dependent AKR detoxification is the major route for MG removal in the absence of Glo1. In diabetic mice, there were no significant changes in the distribution of the metabolites in the WT and Glo1 À/À mice as compared to the respective nondiabetic mice. In the kidney, the relative proportions of pyruvate and lactaldehyde were minor, only accounting for <10% of the total metabolites measured ( Figure 3H ) and no differences between genotypes. In the liver of the nondiabetic WT mice, hydroxyacetone accounting for w60% of the total metabolites measured, whereas D-lactate only accounted for w30% ( Figure 3H ). Minor products were lactaldehyde and pyruvate. In the liver of the Glo1 À/À nondiabetic mice, hydroxyacetone content was increased, whilst the D-lactate was reduced to w7%. Pyruvate and lactaldehyde content were also increased, but their relative proportion to the total metabolites measured was only 20% ( Figure 3H ). In diabetic WT mice, there was a non-significant trend towards increased hydroxyacetone content in both the kidney and liver, as compared to the nondiabetic WT mice.
Evidence for AKR-dependent MG detoxification in the erythrocytes of type 2 diabetic patients without complications
To determine whether MG-dependent AKR activity is a clinical relevant pathway in diabetes, red blood cells were isolated from healthy control and type 2 diabetic patients with and without nephropathy ( Table 2 ). The activities of AKR and Glo1 were measured, as well as their respective detoxification products, hydroxyacetone and D-lactate. It was found that in general, the levels of hydroxyacetone were significantly higher (w4-fold) than the levels of D-lactate (49.37 AE 20.24 vs. 11.92 AE 1.732 nmol/mg Hb; P < 0.0001). In the diabetic patients without complications, the levels of hydroxyacetone were significantly increased w2-fold, as compared to the healthy control patients ( Figure 4A ). There was a significant decrease of w1.5-fold between the diabetic patient with and without complications. With respect to D-lactate, no significant differences were observed between the patient groups ( Figure 4B ). Linear regression analysis showed that the hydroxyacetone content correlated positively with the MG-dependent AKR activity (r ¼ 0.7249; P < 0.0001). Diabetic patients without complications therefore had the highest AKR activity, as well as the highest content of hydroxyacetone ( Figure 4C ). Glo1 activity did not significantly correlate with D-lactate concentration (r ¼ À0.1287; P ¼ 0.3993) and could not be used to differentiate between diabetic patients with or without complications ( Figure 4D ).
DISCUSSION
Elevated MG has been shown to be a clinical feature in patients with diabetes [18, 38, 39] . However, within the clinical context, the extent to which Glo1 activity is reduced remains unclear with the majority of studies either reporting no differences or an increase in activity [38, 40, 41] . The levels of D-lactate in the urine and plasma of diabetic patients has been shown to be elevated [42, 43] . Therefore, it is possible that the increased D-lactate concentrations reflect the flux of MG formation. Interestingly, the measurement of Glo1-dependent detoxification of MG is insufficient to predict the complications of diabetes. This is supported by the clinical data in this study, which showed that AKR activity and hydroxyacetone could be used to differentiate between diabetic patients with and without complications, whereas Glo1 and D-lactate could not. Surprisingly, it has been shown that Glo1 activity in RBCs is higher in diabetic patients with complications such as retinopathy, nephropathy and neuropathy [38] . The size of the current study cohort precludes the overinterpretation of these findings; however, it could be suggested that diabetic patients without complications are protected due to AKR detoxification of MG, whereas patients with complications have lost this capacity. Interestingly, a similar up-regulation of both AKR and Glo1 has also recently been reported in the glomeruli of diabetic patients who are protected against diabetic nephropathy [44] . In vitro, the inhibition or silencing of Glo1 [13e17] has led to the development of a cause-and-effect model between its activity and levels of MG. In vivo, it has been shown that a Glo1 knock-down mouse had elevated MG-H1 content within the kidney and a nephropathic phenotype which is characteristic of diabetes [37] . However, in the current study, it was shown that the Glo1 À/À mouse shared none of these pathologies. In the diabetic state, there were also no differences. Furthermore, while ACR, glomerular filtration and mesangial matrix expansion were increased in the diabetic mice, suggestive of early diabetic nephropathy, no sign of aggravation or any major differences were observed between the WT and Glo1 À/À mice, despite the loss of Glo1 activity. The discrepancies observed between the knock-down and knock-out Glo1 mice could be due to the level of Glo1 enzyme present in the system. In the study of Giacco et al., there was residual Glo1 activity [37] , whereas in Glo1 À/À mice analyzed in the current study, Glo1 enzyme activity was entirely abrogated in all tissues from embryonic stage on which may induce different levels and quality of compensatory mechanisms to reduce dicarbonyl stress. On the other hand, a reduction of 50% in Glo1 activity has previously been shown to be sufficient to induce a pathological condition. It would therefore be expected that 100% reduction would also be able to induce a similar effect, unless AKR compensatory pathway is having a beneficial effect which is greater than just detoxification of MG alone. Indeed, it was shown in vitro that the loss of Glo1 leads to changes in the GSH/GSSG ratio [30] which would suggest that the cells had a greater capacity to handle cellular stress which is independent of MG. Furthermore, it would suggest that the cause-and-effect model that has developed for Glo1 and MG in the last decade cannot be recapitulated in the Glo1-deficient mouse model under STZ-evoked chronic hyperglycemia. However, the conversion of MG to hydroxyacetone is not mandatory a beneficial effect regarding MG detoxification. Acetone/Acetol monooxygenase is able (re-)catalyze hydroxyacetone back to MG, which can be potentially interpreted as a vicious circle due to the loss of important cellular co-factors such as NADPH via those pathways [26] . The major substrate for Glo1 is MG and as such it is considered to be the major route by which it is detoxified [5] . In the current study, the detoxification products in the tissues of the WT mice were distributed equally between hydroxyacetone and D-lactate, particularly within the liver, suggesting that the dependency upon Glo1 for MG is not necessarily correct in all cell types. In an experimental kinetic model system Baba et al. suggested that at low concentrations of MG, AKR accounts for 40% and Glo1 accounts for 60% of MG detoxification [28] . However, due to a methodological error, the authors may have underestimated the Glo1 dependent metabolism. Despite this, one should consider that AKR superfamily consists of approximately 60 members that have potentially the capacity to detoxify MG and/or hemithioacetal in vivo [28] . In the absence of Glo1, the dependency for AKR is increased, particularly in the kidney, whereas in the liver, the increased pyruvate content would suggest a contribution from ALDH towards MG detoxification. The differences observed between the tissues could be due to the heterogeneous expression profile of the two enzymes ( Figure 4E ), which is consistent with the fact that AKR is highest expressed in the renal medulla. In STZ-evoked diabetes, the distribution of the detoxification products was unchanged as compared to the nondiabetic mice, although a non-significant trend towards increased hydroxyacetone production in both the kidney and liver was observed. The lack of a significant change in the WT diabetic tissue would not be unexpected given that the activity of Glo1 is only reduced by 40% in both tissues, meaning that the remaining activity is sufficient to deal with any elevation in MG, whilst in the diabetic Glo1 À/À mice, particularly with respect to the kidney, AKR continues to provide adequate protection in the absence of Glo1. This would therefore explain the lack of an increase in either MG or MG-H1 in the diabetic mice. However, the possibility of other adaptive mechanisms besides alternative detoxification is possible. For instance the upregulation of triosephosphate isomerase and shift of this pathway towards glyceraldehyde 3-phosphate could be beneficial to prevent enhanced MG production. Surprisingly triosephosphate isomerase activity was unchanged in the liver, whereas the mRNA content was increased (Supplementary Figure 7) . The failure to acknowledge the detoxification capacity of AKRs towards MG, particularly within the context of diabetes, has likely resulted from the fact that AKRs have generally been studied within the context of the polyol pathway, where it produces sorbitol during hyperglycemic episodes in various tissues [45] . Clinical trials to prevent the development of diabetic complications with AKR inhibitors, such as Sorbinil or Epalrestat, have proven to be unsuccessful [46, 47] . This could be because inhibition is leading to the loss of detoxification capacity in the MG pathway. Based upon the kinetic properties of AKR it could be argued that this detoxification capacity is not as efficient as Glo1. However, unlike Glo1, AKR is not dependent upon GSH as a catalytic cofactor. This dependency makes Glo1 activity highly susceptible to changes in GSH [5] . In contrast, AKR requires NADPH as a cofactor [48] . Unlike the NAD þ /NADH ratio, which is regulated by rates of glycolysis and respiration, the ratio of NADPH-to-NADP þ is reflective of the synthetic capacity; as such, AKR activity would be unaffected by fluctuations in the cofactor ratio due to changes in metabolic rate and capacity. This would mean that regardless of changes in energy homeostasis the activity of AKR would be maintained, thereby providing the cell with a constant means for the detoxification of MG. The relevance of AKR-dependent detoxification of MG in diabetes has previously been shown by Baba et al. [28] . The loss of AKR1b3 in apoEknock-out mice not only increased AGE accumulation but also the formation of atherosclerotic lesions. However, Glo1 knock-down mice on the apoE background did not show any differences in either MGderived AGEs or enhanced formation of atherosclerosis [49] . These studies would suggest that the loss of Glo1 alone is insufficient to trigger the development of complications in diabetes. The decrease in Glo1 activity may provide an early warning sign for a detrimental biochemical change, while the subsequent loss of AKR may provide the additional stress to push the system into cellular dysfunction. The combined loss of these two defence pathways may therefore provide a suitable model for studying the contribution of MG accumulation in diabetes.
The findings from this study provide evidence for the in vivo role of AKR in the detoxification of MG. The use of this compensatory pathway, in the absence of Glo1, may provide a partial explanation for the heterogeneity in the development of late complications within the general diabetic population. The screening of alternative detoxification products, as well as the measurement of enzymatic activities would allow for the grouping of patients in regard to their detoxification capacity. Furthermore, the measurement of polymorphism may also contribute an additional means for making this assessment [50] . The combination of metabolic, enzymatic and genetic factors may therefore provide a better approach to identify those patients which are at risk for the development of late complications and in doing so, provide a more robust means of treatment.
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